Abstract: Mesoporous silica nanoparticles (MSNs) have advanced to the forefront of multifunctional nanoparticulate systems in nanomedicine, owing to this highly exible materials platform enabling a multitude of design options, often in a modular fashion. Drug delivery ability, detectability via di erent imaging modalities, and stimuliresponsiveness are often combined into one particle system. Very sophisticated and versatile designs along with impressive demonstrations of applicability have been reported to date, but a common ground when it comes to some critical considerations valid for any nanoparticle intended for biomedical purposes is lacking to some degree. In this study, we attempt to take a glance at some of the most crucial aspects of biomedical nanoparticulate design and relate how they apply speci cally to MSNs. These considerations include uorophore labeling and leaching with respect to immobilization to MSNs, the surrounding conditions, carrier biodegradability, and surface coating. Surface modi cation strategies and surface charge tuning are further considered in conjunction to the relative amount of cellular uptake and serum protein adsorption. Cellular internalization routes and biological techniques used to evaluate especially in vitro biobehavior are discussed. Our attempt is hereby to draw attention to some of the most frequently occurring issues to be considered in the design of MSN systems for biomedical applications.
Introduction
In recent years, mesoporous silica nanoparticles (MSNs) have received increasing attention in the eld of nanomedicine, largely due to their wide design exibility and extensive applicability [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Among other advantages, their surfaces can be easily and selectively functionalized, they possess uniform mesopores for e cient guest molecule loading and release, with su cient safety and signi cant biocompatibility. In the current race for more complex designs capable of concurrently performing a multitude of tasks, MSNs are especially well-suited for incorporating the essential capabilities of a theranostic platform into a single particle, with separate domains for (1) the contrast agent/optical label that enables traceable imaging of target, (2) the drug payload for therapeutic intervention and (3) the biomolecular ligand for targeted delivery. For any nanomedical device, physicochemical properties such as surface characteristics of the particles play a key role that provides dispersion stability in the physiological environment and give access to develop further selective functionalization regimes, which allows enhancement of the level of sophistication as well as expands the applicability of the nanoparticles. Thorough investigation of the physicochemical characteristics of Chart 1. Schematic representation of the design-and evaluation aspects being discussed in this study.
nanoparticles and their correlation to in vitro biobehavior is, therefore, inevitable in aiming for a nanomedical platform with controllable properties. Consequently, a traceable particle with modi able surface properties lays the foundation for any nanoparticulate system to be utilized in bio/nanomedical device design.
In light of the above, we thus attempted to investigate the e ect of a variety of surface modi cations on the in vitro behaviour of MSNs in terms of detectability by uorescence-based techniques, cellular internalization and uptake routes, as well as serum protein adsorption and cytotoxicity according to sequential evaluations as represented in Chart 1. Since silica is an optically transparent material, MSNs need to be labeled with imaging agents to be traceable in the biological/physiological environment. For this reason, uorescent tags are most often employed, which makes MSNs possible to study using the most common biological techniques. However, it is well-known that organic uorophores su er from certain drawbacks that may limit or at least complicate the quantitative data that can be acquired based on uorescencebased analyses. Upon immobilization to MSNs, additional parameters come into play, which needs to be considered if aiming toward such quanti cations. In order to shed some light on the parameters at play, here we adopted two of the most common uorescent tags: uorescein (a pH-dependent uorochrome) and rhodamine (regarded as pH-independent) and assessed how parameters such as surrounding (biologically relevant) media, particle concentration and especially, surface functionalization may in uence the uorescence properties of uorescently tagged MSNs. Since surface functionalization is an integral part of MSN design for biomedical applicability, particular emphasis was put on di erent surface functionalization aspects throughout the study. Thus, to span a broad particle surface charge range, MSNs with positive, neutral, and negative surface charges were included for the implications of the observations related to biobehavior to be as widely applicable as possible. As amine groups are the mostly exploited in bioconjugation reactions, aminosilane co-condensed MSNs are the widely employed as biomedical MSN platforms. For this reason, both an amino-co-condensed as well as pristine silica MSNs were considered. The further surface modi cation of MSNs was carried out either by direct derivatization of the MSN surface via the primary amine groups introduced by cocondensation, or mediated by a poly(ethylene imine), PEI, layer. PEI was introduced via two di erent modi cation strategies, either via electrostatic adsorption (for pristine MSNs) or surface hyperbranching polymerization (for cocondensed MSNs). Subsequently, the surface amines were modi ed with either poly(ethylene glycol), PEG ("PEGylation") or succinic anhydride ("succinylation"), the latter yielding terminal carboxylic acid groups, the ratio of which can be utilized to ne-tune the surface charge of the particles.
Here, PEG was chosen as it is the most commonly applied surface coating when aiming at 'stealth' (longcirculating) nanoparticles, whereas coatings with zwitterionic properties have also been proposed as an alternative to PEG in reducing plasma protein adsorption [12] . Derivatizing the hyperbranched PEI-layer with terminal carboxylic acid groups results in such a zwitterionic coating containing tertiary, secondary, and possibly residual primary amines as basic/positively charged groups and carboxylic acid groups as acidic/negatively charged groups. To investigate whether this zwitterionic coating could reduce unspeci c protein binding, the e ect of surface functionalization on the extent of serum protein adsorption was also deduced. Further, the uptake e ciency as a function of surface modi cation/charge was studied in two di erent cancer cell lines of di erent origin, to investigate whether the endocytosis of MSN could be manipulated by surface functionalization and to which extent. Also di erent routes of uptake, which is highly decisive for the fate of the particle after internalization, have been proposed in the literature to be dependent on especially surface charge [13] , which is why this aspect was also considered. Given the versatility of PEI as a platform for further functionalization, special consideration was given to the cytotoxic e ect of this surface coating, as high-molecular weight PEI by itself is well-known to be cytotoxic. In summary, we demonstrate how uorescence variability and stability, cellular uptake and related biobehaviour of MSNs can be manipulated by di erent surface functionalization strategies to conduce towards a rational design platform for MSNs in bio/nanomedicine.
Experimental Procedures
. Synthesis and surface modi cation of fluorophore-incorporated MSNs
. . Preparation of MSN series
Mesoporous silica nanoparticle (MSN ) synthesis was carried out by using a similar protocol as in our previous study [14] . Brie y, cetyltrimethylammonium bromide (CTAB) as structure-directing agent (SDA) was dissolved in the ethanolic basic aqueous reaction solution. In this reaction, tetraethylorthosilicate (TEOS) was used as silica source. The reaction was kept stirring for overnight. The molar composition of the synthesis solution was 1TEOS:0.122 CTAB:0.31NaOH:72.3EtOH :946 H O -from [14] . Fluorescent labeling of particles were carried out by using two di erent amine reactive uorophores, uorescein isothiocyanate (FITC) and tetramethylrhodamine isothiocyanate (TRITC). In order to utilize the advantage of easy incorporation of the these uorophores in the silica matrix, pre-reaction of the uorophores with aminopropyl triethoxysilane (APTES) was carried out in 2 ml of ethanol with a molar ratio of 1:3 and stirred for 3 hours under inert atmosphere. The pre-reaction solution was added to the reaction solution right before adding the TEOS to the synthesis. The molar ratio between APTES and TEOS was kept as 1:100. After overnight reaction of the MSNs, the SDA was removed by sonication extraction three times in ethanolic NH NO solution. These FITC and TRITC incorporated particles were denoted F-MSN and T-MSN , respectively. In these two di erently labeled particles all the reaction conditions were kept the same, except for the reaction temperature. The F-MSN particles reaction was carried out by elevating the reaction temperature to 80
• C and maintaining this temperature overnight, whereas the T-MSN particles were carried out at 30
• C in order to provide di erence in pore ordering of the particles by elevating the reaction temperature [15] when using this as a parameter later in the study. The modi cation of MSNs were provided by electrostatic adsorption of branched 25 k poly(ethylene imine) (PEI) on the particle surfaces. The functionalization of MSNs was carried out by overnight adsorption in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) bu er at neutral pH and also in ethanol in order to investigate the alteration in porous order of the particles during the surface modi cation. After surface modi cation, the particles were collected by centrifugation and washed to remove excess PEI. These particles were denoted PEI ads -F-MSN and PEI ads -T-MSN .
Preparation of MSN series MSN s were synthesized according to our previously published protocols [16] where methanol was used as co-solvent and cetyltrimethylammoniumchloride (CTAC) as a structure-directing agent. In brief, 1.19 g of tetramethoxysilane (TMOS) was mixed with aminopropyl trimethoxysilane (APTMS) and FITC to create inherently uorescent particles, and added to an alkaline solution containing the structure-directing agent cetyltrimethyl ammonium chloride (CTAC). The resulting synthesis mixture had a molar ratio of 0.9 TMOS: 0.1 APTMS: 1.27 CTAC: 0.26 NaOH: 1439 MeOH: 2560 H O. The suspension was stirred overnight at room temperature (RT). The particles were separated by centrifugation, washed with deionized water and dried under vacuum for 24 h. The structure-directing agent was then removed by ultrasonication in acidic (HCl) ethanol three times. These particles were PEI-functionalized by hyperbranching surface polymerization to yield sample PEI gra − MSN s [17] [18] [19] .
For PEGylation, MSN s and PEI gra − MSN s were dispersed in chloroform and allowed to react with HMDI (4,4'-methylenebis (cyclohexyl isocyanate))-activated 5 kDa methyl ether of PEG (mPEG) in the presence of N,NDiisopropylethylamine (DIPEA) overnight at 60
• C under re ux. After the reaction, the particles were washed with ethanol and vacuum dried to yield PEG-MSN s and PEG-PEI gra − MSN s. Succinylation was performed according to a previously published protocol with minor modi cations [19] . MSN s and PEI gra -MSN s were suspended in dimethylformamide (DMF) and succinic anhydride was added in excess and sonicated. The suspension was stirred overnight at RT, ltered, washed with ethanol and dried in vacuum at RT to yield Succ-MSN s and Succ-PEI gra − MSN s.
. Characterization of the fluorescence properties of MSNs . . Determination of incorporated fluorophore amount and the fluorescence intensity of mesoporous silica nanoparticles
The quanti cation of incorporated/leached amount of uorophores for the synthesized MSNs was carried out by spectroscopic measurements. The absorption spectra of uorophores was recorded on a Nanodrop2000c UV-VIS spectrophotometer with the help of standard curves prepared at di erent concentrations as given in Supplementary Figure S1 . The concentration values of uorophores was calculated for FITC and TRITC at the absorbance wavelengths 492nm and 547 nm, respectively.
The uorescence intensity of MSN suspensions were determined by uorescence spectrometry (Perkin Elmer LS 50B, PerkinElmer, Waltham, MA, USA) by dispersing them in various media (HEPES bu er at pH 7.2, MES bu er at pH 5 and Dulbecco's Modi ed Eagle's Medium, DMEM, pH 7.4) at a concentration of 0.5 mg/ml. The spectra were recorded by excitation wavelength 490 nm for F-MSN s and PEI ads -F-MSN s, 555 nm for T-MSN s and PEI ads -T-MSN samples. The uorescence spectra of samples were recorded for each media.
. . Investigation of the structural alteration upon dissolution of MSNs
The alteration in the porous order of MSN s were followed over time after redispersing them with the aid of ultra-sonication and incubating in HEPES bu er as well as ethanol at a concentration 0.5 mg/mL in parallel. Beside this, the porous order change during PEI coating and after long-term incubation of F-MSN s were investigated. This part of the study was carried out by powder XRD, utilizing a Kratky compact small-angle system (MBraun, Nottinghampshire, UK).
. . Investigation of fluorophore leaching from labeled MSNs
Non-uorescent MSN (MSN), uorophore incorporated MSN (F-MSN , T-MSN ) and PEI coated uorophore incorporated MSN s (PEI ads -F-MSN , PEI ads -T-MSN ) were dispersed in HEPES bu er at 0.5 mg/mL concentration and left for incubation at 37
• C under gentle shaking. At each time point, prepared 2mL MSN dispersion was taken out, centrifuged at 10 510 g for 10 minutes and the supernatant was collected to determine the leached out uorophore concentration by spectroscopic measurements. In this part of the study, non-uorescent MSN s were used as a background for the measurements. After centrifugation, the cake of F-MSN s and T-MSN were collected in order to cross-check the remaining uorophore content by dissolving the particles in 2M NaOH solution and reading the sample solutions by UV-VIS spectrophotometer to determine the remaining amount of uorophore in the MSNs.
. Photostability measurements . . Cell culturing
HeLa cells (Human cervical adenocarcinoma) were grown in DMEM growth medium (10%FCS, 1% amino acids, 1% penicillin-streptomycin) at 60-70% con uency on coverslips. 10 µg/ml of a) F-MSN , b) PEI ads− F-MSN , c) equivalent amount of FITC free dye, d) T-MSN e) PEI ads -T-MSN and f) equivalent amount of TRITC free dye was prepared in 1ml of cell growth media. The cell media containing particles was added to cells growing on coverslips. After 6 hours of incubation, the medium was removed and cells were washed twice with media and once with PBS. Cells were then xed with 4% paraformaldehyde in PBS, pH 7.4 (PFA) for 10min at RT and further washed 3 times with PBS and mounted with prolong antifade reagent (Life Technologies) on cover slips for imaging.
. . Photostability analysis and cell imaging by confocal microscopy in HeLa cells
Confocal microscopy was performed using TCS SP5 STED (Leica Microsystems), LASAF software (Leica application suite), and 100X oil objectives. An Argon laser at 488nm (5.5 µW/µm power focus) was used for excitation of FITClabeled samples and Diode laser (DPSS) 561nm (6 µW/µm power output) was used for excitation of TRITC-labeled samples. The emission from FITC-labeled particles was collected by HyD at 500-550 nm and TRITC emission was collected by PMT at 570-620 nm. To measure the photostability of uorophores conjugated to MSNs inside cells, regions of interest (ROI) were chosen inside endosomes and ROIs were allowed to bleach by using high laser power for each ROI. The intensity decay from ROI due to photobleaching was measured by tting a single exponential decay curve.
. . Photostability measurements in cell lysate
HeLa cells lysates were prepared using lysis bu er. 10 µg MSNs per mL of cell lysate were prepared for a) F-MSN s, b) equivalent amount of FITC free dye, c) T-MSN s and d) equivalent amount of TRITC free dye. 10 µl of each sample was added to a 96 well glass bottom plates (Ibidi) and 50 µl of mowiol was added on the top. The samples were allowed to dry overnight.
. . In vivo imaging of PEG-PEI-T-MSNs in CAM model
The in vivo imaging of PEG-PEI-T-MSNs was performed in a chick embryo chorioallantoic membrane (CAM) model. The CAM model provides technical simplicity of an in vivo environment and its optical transparency makes it a suitable animal model for optical in vivo two-photon imaging, and we have also recently established good correlation between CAM and murine models used for the evaluation of MSNs [20] . The experimental setup consisted of TCS SP5 MP (Multi-photon, Leica microsystems), LASAF software (Leica application suite), Non-descanned detectors (NDD) and 20X dip objectives. Two-photon microscopy was performed with Ti-sapphire femtosecond pulse at 800 nm for detectability of PEG-PEI-T-MSNs in blood vessels of live CAM placed on pre-warmed gel packs at 37 
. . Uptake studies by confocal scanning microscopy
HeLa cells were seeded in 12-well plates containing cover slips, one day before treatment, and the cells were treated with 5 µg/mL of MSNs for 4 h. After the treatment, the cells cultured on cover slips were washed with PBS and labeled with rhodamine-lectin (Vector laboratories, USA) for 15 min at 37
• C. 
. . Protein adsorption studies
For the protein adsorption studies, MSN s at concentrations of 0.5 and 1 mg/mL were dispersed in 1% FCS (Fetal Calf Serum) in HEPES bu er for 4 h. The initial protein concentration of 1% FCS was measured by spectrophotometry at the wavelength 285 nm. After the incubation period, the particles were centrifuged and the supernatant was collected. The concentration of protein in the supernatant was measured, and the amount of protein adsorbed on the particle surface was obtained by subtracting the protein concentration in the supernatant from the initial protein concentration.
To investigate the e ect of protein adsorption on the zeta potential, MSN s were rst dispersed at 2 mg/mL in HEPES bu er as a stock. Subsequently, the particles were dispersed in DMEM at 200 µg/mL and incubated for 2 h at 37
• C. The particles were centrifuged and redispersed in HEPES bu er, whereby the zeta potential was measured.
Results and Discussion
For our observations to be as generally applicable as possible, two of the most frequently employed MSN platforms were chosen for the demonstrations: pure silica MSNs and amino-functionalized MSNs prepared via cocondensation. All MSN particles used in this study were prepared according to our earlier studies [14, 16] and were, accordingly, of spherical shape with radially aligned pores ( Figure 1 ). The particles were prepared via two slightly di ering procedures, in order to yield either negatively charged (MSN ), representing that of pristine silica, or close-to neutral amino-co-condensed (MSN ) starting particles. In the latter case, 10% aminopropylsilane was used as silica source in order to create an abundance of primary amino groups on the resulting MSN surface for allowing further functionalization; whereas in the former case the inherent negative charge of silica surfaces can be exploited to enable electrostatic adsorption of poly(ethylene imine), PEI. In this case, only enough aminopropylsilane was used to allow for the co-condensation of previously formed Dye-APTES conjugates, to yield uorescent MSNs with physicochemical characteristics still resembling those of pristine silica. The physicochemical characteristics of both MSN series have been summarized in Table 1 .
. Influence of the fluorescent label on the fluorescence properties of the MSNs
In order for MSNs to be studied in a biological setting, they are typically uorescently labeled. Since most uorescent tags are available as amine-reactive conjugates, MSNs can very conveniently be labeled by pre-conjugation of the uorescent label/dye with aminosilanes with subsequent reaction of the uorescently tagged silane with the MSN either by incorporation already in the synthesis step via co-condensation, or via post-grafting methods.
The particles in the present study were all prepared via the co-condensation method. The pre-eminently most frequently applied uorescent label is uorescein, most commonly used in the 'activated' form of uorescein isothiocyanate (FITC) where the ITC is an amine-reactive group. However, uorescein is a pH-probe [23, 24] , which essentially means that the uorescence intensity will depend on the surrounding pH during detection. This is highly relevant for cellular studies, whereby the pH between di er- 
ent intracellular compartments vary from acidic (around pH 5) to neutral (pH 7). By theory, the quantum yield between acidic and basic pH for uorescein varies with a factor of three, so the di erence is substantial when quanti cations based on uorescence are attempted for; such as cellular uptake studies by ow cytometry/ uorescenceassisted cell sorting, image analysis by uorescence confocal microscopy etc. Fluorescein can adopt many chemical forms, of which only two are uorescent -the monoanion and dianion, with quantum yields of 0.37 and 0.93, respectively [23] . Depending on the preparation conditions (MSN synthesis, template extraction, surface functionalization, washing and separation steps, etc.) the MSN-conjugated uorophore can thus be exposed to conditions (solvents, pH) that induces one of its non-uorescent forms. Consequently, correlation between uorescence intensity and amount of uorophore, frequently used to represent the amount of particles, is highly prone to uncertainties; except under tightly controlled conditions. Further, attachment/incorporation of the uorophore to a solid support, such as a particle, may also induce changes in its local environment [21, 22] leading to alterations in their uorescence properties. This is especially true for MSNs, where the major portion of the uorophores (given being prepared via the abovementioned strategies) would be located in a con ned space like the mesopore, where the local environment such as pH inside the pores are not necessarily matching with those of the bulk solvent (surrounding) conditions [25] . This is due to the acidity of the silanols, which are always present on a silica surface. Adding basic groups, such as aminosilanes used to conjugate the uorophore, thus adds to this complexity. Employing surface coatings with acid/base properties inevitably increases the level of complexity even more, especially when it comes to the inner versus the outer surface juxtaposition.
Poly(ethylene imine), PEI, a polycation with the highest positive charge density [26] is a commonly employed polymer in nanomedical context, due to a number of bene ciary properties such as: a) providing a high density of reactive groups for attachment of active molecules, owing to the high concentration of terminal amine groups originating from the hyperbranched structure; b) providing high particle suspension stability via electrostatic stabilization; c) enabling surface charge tuning via derivatization or even 'charge capping', which can be utilized to suppress unspeci c biointeractions; d) promoting endosomal escape via its characteristic "proton sponge" or "endosomal bu ering" ability [27] , and even potentially e) providing 'molecular gate' properties to porous carriers by adopting di erent conformations at di erent pHs. The enormous bu ering capacity imparted by the high abundance of amines -primary, secondary, and tertiaryall with their own pKa values, also suggests that the local pH experienced by attached molecules on a particle with such a coating could be a ected to a great degree. To investigate this potential e ect versus the in uence of the surrounding media, FITC-conjugated MSNs (F-MSN s) were compared to that of similar MSNs where FITC had been exchanged to TRITC (T-MSN s), an ITC-activated rhodamine dye. Due to the claimed pH-insensitivity of rhodamine dyes as compared to uorescein, these two dyes have even been used as pairs in intracellular ratiometric pH sensing, as also previously demonstrated for MSN systems [28] .
. . Influence of the surrounding media
Fluorescent labels FITC and TRITC were thus incorporated into MSN to yield F-MSN s and T-MSN s, respectively, via the co-condensation method. The produced uorescent particles (without additional surface functionalization) were dispersed in bu er solutions of cellular relevance, i.e. MES bu er (pH 5 corresponding to endo/lysosomal pH), HEPES bu er (pH 7.2 corresponding to cytoplasmic pH) as well as serum-supplemented DMEM cell media (Figure 2) . Clearly, the uorescence of the FITC-conjugated MSNs exhibited signi cantly lower uorescence at acidic pH than neutral, as expected; while no di erence in uorescence behavior was found for the TRITC-conjugated counterparts in the two di erent bu er solutions. Thus, this was in perfect agreement with the well-established behavior of the free dyes. The uorescence behavior in DMEM, however, seemed to have an opposite e ect on both particle types, with strongly enhanced uorescence observed for the F-MSN but slightly decreased uorescence for the T-MSN . Currently we have no conclusive explanation for this behavior, but note as an important consequence that since MSNs are incubated in cell media for in vitro studies, quanti cation attempts based on measurements made under less-biological conditions may not apply when extrapolated to biological conditions. The composition of cell media is quite complex, and the exact reason may thus be hard to isolate. Biologicals do exhibit auto uorescence to some degree, and the cell media contains serum; these components may adsorb to the particles to a di erent degree which may induce either enhancement or quenching of the observed uorescence [29] . The pH-dependent e ect was, however, in this case clear-cut and in accordance to the expected behaviors of the free dyes.
. . Influence of the surface coating
Given this pH-dependent behavior, which was in agreement with the free dye behavior, the uorescence emission of the unmodi ed particle suspensions could supposedly also be used as "standard curves" to probe the local pH that the uorescein molecules are experiencing on corresponding surface-modi ed MSNs. Thus, the uorescence spectra were recorded for the unmodi ed F-MSN s at a range of di erent pHs (Figure 3a) and the intensity at the maximum peak was plotted against pH (Supplementary Figure S2 ). Subsequently, commercial hyperbranched PEI (25 kDa) was adsorbed to the (same) particles via electrostatic adsorption at neutral pH (HEPES bu er, pH 7.2) whereafter the particles were separated, washed, dried and redispersed in ion-exchanged water. The uorescence intensity was matched to that of the standard curve to nd the pH which, in this sense, was ascribed as the "local pH" experienced by the uorescein molecules of the surfacemodi ed MSN s and, in this case, was very close to the pH value of 6. It is noteworthy that a change in solvent pH did not induce any di erence in uorescence intensity for the PEI-modi ed MSNs (see also Figure 4 ), which supports the fact that it is, indeed, the "local pH" being probed.
We ascribe this phenomenon to the well-known bu ering capacity of PEI [30] , which in this case was shown to be strong enough to overcome the in uence of the surrounding 'environmental' pH for PEI-modi ed MSNs. To further investigate whether the structure of the PEI surface coating could have an in uence, we compared these PEI ads -F-MSN particles to those that had been modi ed by surface hyperbranching polymerization of PEI, PEI gra - MSN s (see Table 1 ). Also here, the uorescence intensity of the 'starting' (unmodi ed) FITC-labeled MSN particle was measured at di erent pHs to yield a similar standard curve as above, to which the PEI gra -MSN intensity was thereafter compared (Figure 3b , Supplementary Figure S2 ). In this case, the local pH was found to be slightly below 5. This result could very well be due to the fact that in the surface hyperbranching process, PEI is grown both on the inner (pore wall) and outer (particle) surfaces; whereas by adsorption of large-molecular (25 kDa) weight PEI, the location of the PEI polymer would be predominantly on the outer particle surface. Thus, being present both on the outside particle surface and inner pore walls, the local "proton trap" e ect of PEI would also be more predominant inside the pores in the case of grafted PEI, which is re ected in the lower local pH (i.e. higher local concentration of protons) observed. This distribution of amine groups also on the inner pore walls further imparts MSNs surface functionalized adopting this strategy with very e cient loading capacity of negatively charged hydrophilic guest molecules, such as acidic small-molecular compounds, for which > 40wt% could be attained even under aqueous conditions due to the highly favorable electrostatic interactions [31] . The accompanied red shift observed for both the PEI-MSN peaks (Figure 3a ,b) could be due to the thus induced local polarity change, brought upon by the local abundance of protons, similar to that of positive solvatochromism rather than a pH-induced e ect.
To con rm that the observed intensity decrease was not due to chemical alterations/reactions of the uorophore molecule itself, but predominantly an e ect of local pH, we used a non-porous Stöber [32] silica particle (SiO ) as control (Figure 3c ) to eliminate the complicating factors induced by the porosity. Similarly as for the MSNs, PEI-functionalization (by surface hyperbranching polymerization in this case) induced a red shift in the absorbance, as evidenced by the similar orange color adopted as for the MSNs upon PEI-functionalization (Figure 3a,b insets) . Thereafter, the PEI layer was capped with succinic acid groups ("succinylated") to yield terminal carboxylic acid groups instead of amines, which should counteract the PEI-induced local pH e ect in terms of canceling out or suppressing the characteristic "proton trap" property. Quite correctly, the maximum uorescence intensity increased approximately with a factor of three (from 174 for PEI gra -SiO to 547 for Succ-PEI gra − SiO ) upon succinylation, simultaneously con rming the reversibility of the observed intensity change.
To further con rm that no in uence of the pH of the surrounding medium on the PEI-modi ed MSNs is taking place, the uorescence was recorded for PEI ads -F-MSN s under the same conditions as in Figure 2 . As can be seen also here (Figure 4) , in the presence of a PEI coating, the surrounding pH has no e ect on uorescence intensity. Even the in uence of cell media (DMEM)observed for the particles without a PEI coating above, is overridden by the strong in uence of a PEI-coating (Figure 4a) . Nevertheless, when comparing the uorescence spectra of the PEI ads -F-MSN where the PEI was adsorbed in HEPES (PEI ads -F-MSN -H) to that in ethanol (PEI ads -F-MSN -E, Figure 4b ) the maximum peak values (intensities) do not match, despite being measured with the same settings and for the same starting particle. The clear di erence in Figure 4a and Figure 4b is intuitively ascribed to silica dissolution, as the PEI adsorption for PEI ads -F-MSN -H was conducted in aqueous conditions overnight. During this time course, silica dissolution would be pronounced [33] and moreover, PEI could even catalyze the dissolution of silica, due to its high abundance of amine groups [34] (see also section 3.2).
. . Influence of the particle concentration
It is well known that uorophores in close proximity to each other can lead to signi cant self-quenching effects [35, 36] and this is also where MSNs are expected to provide certain advantages over other particle designs, owing to the distribution of uorophores throughout the porous network. In the current study, the amount of uorophores was xed; however, a similar observation could be expected if the particle concentration is high enough for the particles to be in close contact with each other. This situation is prone to occur especially when nanoparticle uptake by cells is quanti ed when the majority of nanoparticles are in intracellular compartments such as endo/lysosomes as a result of endocytosis. To investigate whether particle concentration could have a profound e ect on the uorescence, we also measured the uorescence intensity of F-MSN , PEI ads -F-MSN , T-MSN and PEI ads -T-MSN s as a function of particle concentration (Figure 5a-d) . Clearly, a remarkable e ect of MSN concentration on uorescence intensity is observed for all particles, where the concentration-dependence furthermore di ers depending on the surrounding pH for uorescein-labeled MSNs (Figure 5a ). On the contrary, for the rhodamine-labeled particles (T-MSN and PEI ads -T-MSN ) a pH-independent behavior is evident, whereas a similar particle-concentration-dependent behavior can be observed. Since the settings of the instrument were adjusted for each separate measurement (graph) it is noteworthy that there was still a considerable e ect of the PEIcoating of the T-MSN s on the resulting uorescence intensity (Supplementary Figure S3) , which, however, based on the pH-independency determined above (Figure 5c,d) should not be ascribed to a local pH e ect as in the case of uorescein. Here, the signal decrease could instead be due to a compound e ect of non-radiative FRET, radiative reabsorption and scattering due to increased sample opacity upon addition of an organic surface coating.
. Influence of coating procedure on the dissolution of the MSNs
In the case of utilizing pre-formed PEI polymers as surface coating, maximized electrostatic attraction is obtained under aqueous conditions around neutral pH, when the silica is negatively charged due to deprotonation of silanols and PEI positively charged due to protonation of amines. Even though the electrostatic adsorption procedure of PEI was, in our case, carried out under concentrations (3 mg/mL) that are well above the solubility limit of silica in water at pH 7 (120 ppm) [37] , dissolution and reprecipitation of silica can still readily take place under these conditions [38] . This should be most pronouncedly re ected in the mesoscopic ordering of the MSNs, whereby we applied smallangle X-ray di raction to clearly illustrate this e ect. First, MSN s were immersed in either ethanol or HEPES at 37
• C and subject to shaking to replicate the coating conditions, and at di erent time points the sample was separated by centrifugation, dried, whereafter powder X-ray di ractograms were recorded ( Figure 6 ). Clearly, no alteration in the mesoscopic order was observed after incubation in ethanol (Figure 6b ), whereas complete structural collapse appeared to be the case for the sample subject to aqueous conditions already after 2 h of immersion (Figure 6a ). Due to the radial alignment of these pores, the structural ordering is not that well-de ned to begin with, but upon carrying out the synthesis at elevated temperatures (80 • C) a restructuring can take place and hexagonally ordered mesopores can be formed [15] (Figure 6c,d solid lines) . To more clearly deduce the structural e ect by PXRD, such a sample was prepared and PEI-coating was performed under aqueous and ethanolic conditions, whereafter the di ractograms were recorded (Figure 6c,d ). Similarly as above, the structural order was completely retained in ethanol, whereas only a slight 'bump' indicative of some remaining order was deducible for the PEI ads -F-MSN -H coated under aqueous conditions (HEPES bu er). To con rm that, still, not complete disintegration is taking place owing to the aqueous conditions used, the unmodi ed MSNs prepared at 80
• C were incubated for 10 days in HEPES at 37
• C in a shaking water bath, whereafter the PXRD was measured. In this case, a more pronounced peak was still observable that could be assigned to the original d peak for the hexagonally ordered phase; indicating that complete collapse of the structure does not take place even after sub- jected to these conditions for prolonged times. In this case, it should be noted that the retainment of the structural order may also be connected to the higher hydrolytic stability of MSNs synthesized under elevated temperatures. It should further be noted that a faster decrease in structural ordering in the presence of PEI can be expected due to the capability of amines to catalyze the dissolution of silica, as mentioned above. We do also not exclude the possibility of this e ect being enhanced by the sonication treatment that usually accompanies the redispersion of particles in solution after drying, an e ect of which may thus be accelerated by the presence of a catalyst [39] . It is, however, noteworthy that, after the leaching studies described below (involving one week of incubation in HEPES) both the morphological integrity as well as e ective surface charge of the particles were also still retained to a certain degree, as judged by dynamic light scattering and electrokinetic measurements (Supplementary Figure S4) .
. Influence of the MSN degradation on the leaching of attached labels
As it is evident that the degradation (dissolution) of the material itself will have implications for any molecules that are attached to it, we also investigated the kinetics of uorophore leaching under physiological conditions in terms of pH and temperature. Two di erent approaches were conducted: in the rst case, the total amount of incorporated uorophore was determined for all the MSN s by complete dissolution of the MSNs in NaOH and determination of the FITC/TRITC concentration spectrophotometrically. For all four MSNs studied here, the total amount of uorophores was in comparable amounts of ∼ 1wt%.
To avoid the obvious complications of uorescence-based quanti cation, spectrophotometry was chosen over uorimetry in this case. Thereafter, the MSN s were immersed in HEPES, and at given time points, the concentration of uorophore in the supernatant was determined and compared to that of the original amount ( Figure 7 ). Based on these results, it can be seen that for FITC, the leaching for the non-coated MSN s reaches around ∼ 50% already during the rst 24 hours, after which it levels out and no change is observed for up to a week, which we tentatively ascribe to the static conditions used. For PEI ads -F-MSN s (Figure 7a) , there is an initial burst that could be ascribed to the corresponding dissolution behavior in the presence of amines, whereafter a re-adsorption seems to be taking place. Intuitively this could be due to that the uorescein molecule is negatively charged, and hence would desorb more easily from the negatively charged silica surface (unmodi ed MSNs) as opposed to the positively charged PEImodi ed surface. For T-MSN s (Figure 7b ) the opposite behavior can be observed, which could be due to that the rhodamine molecule contains amines, so it would, in turn, be attracted to and adsorb on the negatively charged (unmodi ed) silica surface. Overall, a combined dissolutionreprecipitation (of silica) and adsorption-desorption (of uorescent labels) equilibria is what is most likely being observed. This is supported by the notation that the hy- drodynamic size and surface charge measurements after the leaching experiments still yielded comparable results to those before the experiment (Supplementary Figure S4) . Also the dye (re-)adsorption notation can be supported by these measurements, as all surface charges were comparable before and after leaching except in the case of T-MSN . Here, the surface charge after leaching had shifted to positive from negative, indicating that an adsorption of positively charged species to the MSN surface must have occurred during the leaching experiment. For the second analysis, based on separation of the remaining MSNs from the leaching media and dissolution in NaOH after drying with subsequent spectrophotometric determination, a similar trend was found for F-MSN s (Figure 7a,c) , albeit for T-MSN s the relationship was reversed ( Figure 7b,d) . The PEI ads -T-MSNs relative plateau value is still comparable between the two analysis methods, and the leaching degree is quite low as compared to what could be expected from the leaching behavior of F-MSN s if only the electrostatic interaction aspect is regarded, considering the PEI ads -T-MSN s and liberated rhodamine molecules should carry the same charge under the studied conditions. Possibly, the PEI-surface coating can actually function as a protective coating in this case, hindering the liberated dye molecules from di using out of the pores to a certain extent. The conformation of PEI under the studied conditions would be 'swollen' due to the high positive charge density, which could partly 'cap' or close the pores, as has been found for polyaminefunctionalized MSNs also in the past [40, 41] .
Overall, we note that such degrees of uorophore leaching would have substantial implications on the quanti cation of uorophore-labeled MSNs under studied biological/ physiological conditions, and should thus carefully be taken into account when attempting to carry out such quanti cations. Along with the inherent properties of the uorophore itself, especially when it comes to the commonly applied FITC/Fluorescein, quanti cation based on uorescence measurements becomes increasingly challenging. We also note that this is not exclusively a property of attached uorophores, but any functional moiety that have been attached to the MSNs, such as chelates (for radiolabelling for nuclear imaging or Gd-complexation for MR-imaging) and/or targeting ligands. This aspect is further highlighted by the fact that the commonly utilized chelates, such as DOTA or DTPA, are often coupled via the same (or very similar) chemistry as the uorescent dyes demonstrated here. The conditions applied here were static, but given 'unlimited' access to water (such as in the body) these e ects may be even more pronounced, as for instance re-adsorption is less likely to occur. Other "uncounted for" e ects that may either promote or suppress any of the abovementioned observations especially if the moiety is exposed on the particle surface, including presence of enzymes, adsorption of plasma proteins, in uence of blood pressure (on dissolution and disintegration) may also come into play and should also thus be given room for consideration in the interpretation of results as well as already in the initial steps of the design process.
. Influence on photostability upon incorporation of fluorophores into MSNs
For imaging purposes, the bene t in incorporation of a uorescent dye into a MSN matrix could be assumed to be the same as for incorporated drugs, i.e. to provide a protective and stabilizing environment against the surrounding conditions [42] . In the speci c case of uorophores, the incorporation into such a ceramic matrix could intuitively lead to an enhanced photostability and quantum yield of the uorophores [43] . These e ects can be caused by the stabilizing, non-reactive matrix that prevents reactions with excited molecules and by disallowing dynamic quenching, besides providing a protective environment from the surroundings. The uniqueness in the MSN architecture as compared to other particle systems lies in its porous structure, where the uorescent dye molecules can be homogeneously distributed and thus well-separated from each other, limiting the disadvantages associated with many other nanoparticle structures where the dyes are closely packed e.g. in the core of the particle. Such close-packing could consequently lead to quenching via some nonradiative pathway such as molecule-molecule interaction, electron transfer, or isomerization within the solid matrix [22] . Due to this reason, commercial uorophores have previously been entrapped inside MSNs to produce "ultrabright uorescent mesoporous silica nanoparticles" [44] [45] [46] . In these cases, however, the dyes were only physically entrapped within the still surfactant-lled MSNs, making them unsuitable for bioprobe applications since the cationic CTA + templates used are highly toxic (see also section 3.8). However, enhanced photostability over free dye was asserted and, the relative brightness per particle was further claimed to be up to forty times of similarly sized quantum dots [46] . To investigate whether our surfactantfree, covalently conjugated uorophores could also obtain any advantages in terms of photostability by incorporation into the MSN matrix, we measured the half-life of the MSNincorporated dyes based on number of imaging cycles needed to completely bleach the dye by laser-scanning confocal microscopy (LSCM) utilizing a laser intensity of approximately 8 µW/µm . To investigate the photostability in a relevant setting from the application point of view, the measurements were conducted in a cellular environment. The samples consisted of equal uorophore concentrations in terms of free dyes (FITC and TRITC) vs that conjugated to particles (F-MSN , T-MSN , PEI ads -F-MSN , PEI ads -T-MSN ). Thus, MSNs and corresponding amounts of free dyes were incubated with HeLa cells at a concentration of 10 µg MSNs/ml for 6 h, whereafter the cells were xed. Nevertheless, as intracellular comparison of MSNs as compared to free dye was not possible due to the inability of the free hydrophilic dyes to penetrate the cell membrane by di usion (as demonstrated in Figure 8 ), the comparison to free dyes were performed in cell lysate instead (Figure 9a,b) .
To measure the photostability of MSN-conjugated uorophores inside cells, regions of interest (ROI) were chosen inside endosomes i.e. where the particles were collected, and for each ROI the intensity decay due to photobleaching was measured by tting a single exponential decay curve. For the FITC-MSNs (F-MSN and PEI ads -F-MSN ) the results were quite variable between measurements, so they have been omitted from the analysis. This may be related to the time point used, 6 h after incubation, whereby di erent fractions of free dye may already exist in the endosomes which complicates the analysis. For the TRITCMSNs (T-MSN and PEI ads -T-MSN ), however, a clear trend could be observed between the particles with and without PEI, where the PEI ads -T-MSN s proved to be more photostable than the non-coated ones (Figure 9a ). The contribu- tion of PEI as a protective coating thus seemed to be facilitative in this aspect also. In the lysate experiments (Figure 9b) , it was clear that the MSN-conjugated dyes were more photostable than the free dyes, supporting the idea of the dyes sustaining enhanced photostability upon being incorporated into a solid matrix such as an MSN. As a demonstration of applicability for the best candidate (PEI ads -T-MSN ) from the above-presented results, and to verify that the obtained uorescence upon MSN conjugation of rhodamine following this route allows detectability also in vivo, we performed live two-photon imaging of intravenously injected PEI ads -T-MSN s in a chorioallatonic membrane (CAM) in vivo model. To possibly reduce any undesired e ects upon administration via the intravenous route, 5 kDa PEG chains were conjugated to the 25 kDa PEI before coating via our previously reported procedures [47] . The circulating particles were clearly visible in the blood vessels (Figure 10) where the blood vessels were visualized by injection of a FITC-dextran conjugate and the blood cell nuclei were stained by a Hoechst dye 33342, con rming that uorophore conjugation via the standard routes for MSNs (co-condensation via aminopropylsilanes) employed here was indeed su cient also for reaching in vivo detectability in the described embodiment.
. Influence of surface coating on cellular uptake and viability
Having established that surface functionalization may have pronounced implications on the uorescence properties of MSNs, evaluation of the in uence of di erent surface coatings on some of the most basic aspects of the MSN biobehavior was undertaken. In our previous study on the in uence of particle shape (rods vs spheres) on cellular uptake, we also observed some distinct surface chargedependent e ects [14] . In the present case, to isolate the surface coating e ects from the shape-induced di erences, a similar series of particles (denoted MSN ) was prepared, including PEG-functionalized MSNs that was not included in our former study. 5 kDa PEG was conjugated either directly to the MSN surface (PEG-MSN ) via the cocondensed amino groups, or as mediated by the surfacegrown hyperbranched PEI layer (PEG-PEI gra -MSN ). The PEI layer was also derivatized with succinic acid groups (Succ-PEI gra -MSN ) and the same treatment regime was carried out for the non-coated MSN particle (Succ-MSN ). This yielded particles with negative surface charge at neutral pH, where the e ect was more pronounced for Succ-PEI gra -MSNs due to the high surface density of modiable functional groups provided by the PEI layer (Table 1) . Upon PEGylation, the charge was only reduced by increasing the electrical double layer thickness, whereby the zeta potential is determined further away from the actual particle surface; whereas the PEG chains do not contribute to the charging themselves since they do not contain any chargeable groups. The plain MSN particle, for which 10% aminosilane was used as co-silica source in order to have a high enough amount of modi able groups, had a close-to neutral but slightly positive charge. The characteristics of the di erently functionalized particles in aqueous suspension were summarized above in (Table 1) . Since every small modi cation of a nanoparticle may have an impact on the biobehavior of the particle, cell viability for the whole series was carried out at two di erent concentrations on HeLa cancer cells (Supplementary Figure S5) . None of the particles exhibited any signi cant e ect on the cell viability at the studied concentrations.
Having established that the MSN series was safe to use for further cellular studies, the in uence of surface modication on cellular uptake was studied on two di erent cancer cell lines of di erent origin, using both uorescenceassisted cell sorting (FACS) and uorescence confocal microscopy. The employed cell lines were HeLa or Human cervical adenocarcinoma cells, which is the mostly studied human cancer cell line with a broblastic morphology; and Caco-2 or Human colon adenocarcinoma cells, which have the ability to di erentiate and polarize under speci c conditions, and thus is a morphological and functional model for the enterocyte lining of the small intestine. The Caco-2 cell line and low particle concentrations (5 µg/ml) were chosen to be able to better discern di erences between the di erently functionalized MSNs [14] .
For the HeLa cells, a high surface charge, positive or negative, seemed to be bene cial for cellular uptake. From the Caco-2 cellular uptake can be deduced that the most preferential coating is, in fact, the PEG-PEI coating; despite a lower net charge. Even though the cellular uptake is certainly cell-line dependent also, the trends observed for the two cell lines used here is quite similar (Figure 11 ). In the case of the PEG-PEI coating, the addition of PEG cannot be the single decisive component since conjugation of PEG directly to the MSN surface yielded the lowest uptake% for both cell lines, i.e. a reduction as compared to its "starting particle"; whereas conjugation of PEG to the PEI gra -MSN lead to an increased uptake in the case of Caco-2. Comparable results were obtained by analysis of the mean uorescence intensity (MFI) values ( Supplementary Figure S6 ) but given the uncertainties around quanti cation connected to the uorescent label used ( uorescein) discussed above, we rather base our analysis on %positive cells. The same trends seems to hold true for HeLa cells, especially when examining the confocal microscopy images (Figure 12) , where slightly more green MSN signals can be observed within the cells incubated with PEG-PEI graf -MSN s (Figure 12d ) than PEI graf -MSNs (Figure 12b) . Based on microscopy analysis, these two coatings were clearly superior as compared to the other ones in providing an e cient cellular internalization. We note that despite an adequate uptake for the succinylated particles in FACS, these particles were harder to visualize (Figure 12e,f) due to the relatively lower uorescence intensity of these particles (Table 1) . To pinpoint the di erences in cellular uptake, which are clearly not based on surface charge alone, a deeper look into the involved mechanisms and the e ect of the surface coating were attempted below. 
. Influence of surface charge on route of uptake
Nanoparticles are generally taken up by cells via endocytosis, which is a specialized cell transport mechanism to internalize small molecules, macromolecules and particles. Generally, endocytosis can be classi ed into phagocytosis and non-phagocytic endocytosis. Phagocytosis involves the uptake of large particles and is one of the main mechanisms by which particles are taken up by macrophages and neutrophils. Non-phagocytic endocytosis takes place either through macropinocytosis, clathrincoated pits, through caveolae, or through clathrin and caveolae independent pathways. The di erent endocytotic processes vary in their vesicle size, proteins involved in the vesicle formation, and the cell type in which they are found. After internalization, the intracellular fate is dependent on the endocytosis pathway. The endocytotic internalization and appropriate intracellular tra cking is thus a perquisite for e ective performance of drug/gene carriers [48] . Macropinocytosis is a bulk internalization process, where the intracellular fate of macropinosomes varies depending on the cell type, but in most cases, they acidify and shrink. They may eventually fuse with lysosomal compartments or recycle their content to the surface. Clathrin-mediated endocytosis, can be receptordependent or independent, causes the endocytosed material to end up in the lysosome via "early" endosomes [49] , whereas caveolae-mediated endocytosis is a highly regulated process, involved in endocytosis and trancytosis of various proteins. The advantage of caveolae-mediated endocytosis is to by-pass lysosomal degradation. Ligands for caveolae-mediated endocytosis include folic acid, cholesterol and albumin. For MSNs, the primary route of uptake has been found to be of clathrin-mediated type [13] except in the case of highly positively charged particles, whereby the uptake route may be of unde ned (other/unknown endocytic pathway) type, as it has been shown that it could not be inhibited by any endocytic inhibitor [50] . Size-dependency experiments have shown that Polystyrene (PS) spheres of size 100 ∼ 200 nm are preferentially internalized via the clathrin-mediated route, whereas PS spheres of 500 nm would be taken up primarily via the caveoale-mediated endocytosis route. Since our studied MSNs were, in this regard, of intermediate size (∼ 300 nm) and represented both extremes of the surface charge spectrum -highly positive and highly negative, as well as close to neutral -we set out to investigate via which route of uptake these MSNs of di erent characteristics would be internalized by ap-plying di erent uptake inhibitors. Again, to better be able to discern di erences, Caco-2 cells were used instead of HeLa [14] . To determine whether MSN uptake was an active or passive process, cells were energy depleted using sodium azide (NaN ), which is known to inhibit the respiratory chain in the mitochondria, thus impairing the production of ATP in the cell and consequently the active uptake. Macropinocytosis can be inhibited by amiloride, which is a selective inhibitor of Na + /K + exchange, blocking macropinocytosis by lowering submembraneous pH (cytosolic pH close to the membrane). Clathrin-mediated endocytosis can be inhibited by potassium depletion, or by inhibitors such as phenyl arsine oxide (PAO) and chlorpromazine. PAO, a trivalent arsenical, reacts with vicinal sulfhydryls to form a stable ring-structure and inhibits clathrin-mediated endocytosis by crosslinking the clathrin coat. Inhibitors of caveolae-mediated endocytosis include lipin, nystatin, methyl-β-cyclodextrin and genistein. Genistein, is a tyrosine kinase inhibitor, inhibits caveolae-mediated endocytosis. As can be seen in Figure 13 , the uptake of all MSN s, regardless of surface functionality, were inhibited by the addition of phenyl arsine oxide as well as, to a similar degree, by genistein in combination with PAO. This signi es that all the MSN s were mainly internalized by the clathrinmediated route regardless of surface charge. Whereas inhibition by the combination of PAO and genistein was not further inhibiting the uptake, but it was actually slightly increasing the total uptake, this suggests that there might be some other/clathrin-and caveolae-independent pathway, which can be activated by inhibition of both the pathways. Thus, our surface-charge independent results are in contradiction with earlier results [51] that suggested that high positive charge would induce a di erent route of uptake. One explanation for this observation may be the extent of serum protein adsorption on our MSNs of di erent surface functionality, as the adsorbed proteins are also charged species and would hence contribute to the overall surface charge. All our cellular experiments have been conducted in the presence of serum, whereas in the aforementioned reference the route of uptake was determined in the absence of serum [51] . The presence or absence of serum is known to a ect the route of uptake, whereby the clatrhin-mediated route has been found to be the preferred route of uptake for particles that has adsorbed serum proteins on their surfaces [52, 53] .
. Influence of surface coating on serum protein adsorption
While the extent of serum protein adsorption from the cell media thus could a ect the route of uptake under in vitro conditions, the main rationale for PEGylation of nanomaterials is its expected property in diminishing protein adsorption in vivo [54, 55] . This highly sought-for trait is commonly referred to as 'stealth' properties, which directly implicates that reducing the amount of plasma protein adsorption on the particle surface, also reduces the likelihood of the body defense mechanisms (reticuloendothe- lial system, RES/mononuclear phagocyte system, MPS) of recognizing the particles as foreign. Uptake by the RES/MPS would, in turn, result in rapid elimination of the circulating particles from the blood stream. Achieving 'stealth' properties would consequently prolong the circulation time in the blood, which increases the likelihood of the particles reaching their target. Long-circulating properties are thus one of the main goals associated with injectable nanoformulations, especially for targeted drug delivery. If active targeting is pursued, the adsorbed proteins, a.k.a. the "protein corona", should also not cover up the targeting ligand ("biofouling") and consequently hamper target recognition. The reasons for PEG being the leading stealth coating candidate is connected to its hydrophilicity (where hydrophobic particles are known to rapidly be covered with plasma proteins) and neutral charge (high charge, either positive or negative, are believed to promote protein adsorption). Besides PEGylation, zwitterionic surface coatings have been suggested to provide similar 'stealth' properties [12, 56] . In this sense, to determine whether the same holds true for our MSNs, serum protein adsorption was conducted at two di erent concentrations in HEPES bu er (pH 7.2) for the whole MSN series. The di erence in ability to suppress adsorbed serum proteins between surface coatings was quite distinct (Figure 14) . Large amounts of serum proteins was adsorbed on the PEI-MSN s, probably associated with its high surface charge along with the fact that it is positive, since the majority of serum proteins are negatively charged. Further, the PEGylation of this particle (PEG-PEI gra -MSN ) lead to very slight reduction in protein adsorption; and the ef- fect of PEGylation of the pure MSN was also not drastic but discernible. For the pure MSN , the succinylation effect was also not that drastic; whereas succinylation of the PEI gra -MSN lead to the lowest observed serum protein adsorption overall. Given that the absolute charge value of this particle was the highest of the whole series (∼ 60 mV), this stands in sharp contrast to the notation that high surface charge promotes protein adsorption. However, given the zwitterionic nature of this coating, this observation does indeed stand in line with previous claims [12, 56] . Thus, for our MSN system, employing the zwitterionic approach was drastically more e cient than PEGylation in diminishing serum protein adsorption under the studied conditions. In order to try to combine the above observations with those of cellular uptake from a surface charge point of view, the net surface charges of the MSNs were investi- gated after 2 h incubation in DMEM cell media containing 10% serum protein (Table 2 ) afterwhich they were separated by centrifugation and redispersed in HEPES bu er. For all studied particles, the net surface charge decreased to more negative, except for Succ-PEI gra − MSN . This suggests that the small portion of proteins adsorbed to these particles may, for the majority fraction, even be positively charged. For the other particles, the extent of protein adsorption re ects the decrease in zeta potential quite well, except for the PEG-PEI gra − MSN , for which a high protein adsorption is observed but, the reduction in zeta potential is only a few mV. A PEGylated surface may certainly attract di erent proteins as compared to the pure PEI surface, which makes the resulting charge challenging to predict, since no common 'rule' for such protein selection on adsorption to surfaces exists to date [57] . Based on these results, the superior cellular uptake ( Figure 11 ) resulting from these two coatings (PEI and PEG-PEI) could be due to the overall retained positive charge, which should indeed be facilitative from a cellular uptake point of view [13, 26, 27] .
. Influence of PEI coating on cytotoxicity
Based on all above-presented results, PEI seems to be an especially useful MSN functionalization platform. However, there are certain concerns related to the usage of PEI in drug delivery context, since especially commercial 25 kDa PEI has been found to be quite cytotoxic by itself [58, 59] . Still, it remains the one of the most e cient non-viral gene delivery agents, but this kind of polyplex system (PEI-condensed DNA) will not be applicable in vivo (partly) due to this reason. Besides this study, we have utilized PEI as a basis for further MSN modi cation in many of our previous studies, due to the advantages mentioned previously (section 3.1). Speci cally from a surface functionalization point of view this is a highly viable platform, due to its high abundance of reactive primary amino groups that can be utilized for very e cient further modication. So far, we have not observed any adverse e ects, either in vitro [14, 16] or in vivo [60] utilizing our PEI gra -MSN platform. On one hand, we have intuitively ascribed this to the structure of this PEI coating, where surface hyperbranching polymerization is applied, and thus results in individual hyperbranched groups grown from the particle surface. In the investigation of such growth fashion of PEI on planar surfaces, it has been found that the growth usually stops after 3-4 generations due to steric encumbrance [61] . Thus, the molecular weight of the individual branches should not be very high. In this respect, Zink and co-workers performed a study where they adsorbed commercial PEI of di erent molecular weights (0.6, 1.2, 1.8, 10 and 25 kDa) on MSNs and investigated their cytotoxicity [62] . They found that only the high-molecular weight (25 kDa) PEI could induce cytotoxicity in this case, with slight induction of cytotoxicity of the 10 kDa PEI on one of the cell lines used (PANC-1). They thus ascribed the PEIrelated toxicity to be connected to its molecular weight. On the other hand, we have tentatively assumed a contribution on lessening the toxic e ect related to the extremely high positive charge density of PEI as being partly 'neutralized' to some degree by dissolving silica. Such 'biodegradation' of the material itself (MSN) could create a concentration gradient of silicic acid, which could thus possibly counteract the PEI e ect. To verify our assumptions, we rst determined the dose-response curve of 25 kDa PEI toxicity on HeLa cells (Figure 15a ). Subsequently, we adsorbed the same kind of PEI onto three di erent silica particles, non-porous Stöber, solvent-extracted MSNs and calcined MSNs; as well as a polystyrene (PS) particle of comparable (resulting) size via electrostatic interactions. The particles were separated, washed, dried, afterwhich the PEI amount was determined by TGA (Table 3 ). An MSN sample with cor-responding amount of surface-grafted PEI (PEI gra -MSN) as that of the solvent-extracted adsorbed PEI (PEI ads -MSNEx) was included. We then chose a PEI concentration in the toxic range, in the present case 10 µg/ml pure PEI, and incubated cells with the amount of each particle that was coated with the equal amount of PEI (Table 3) as well as the corresponding amount of plain particles without PEI, to distinguish the PEI-induced toxicity. These particles were incubated with HeLa cells for 24 and 72 h whereby viability was determined.
Clearly, all particle formulations were less toxic than PEI alone, despite the immensely high particle concentrations used (555 µg/ml for the highest concentration). For the PEI-PS particle, the toxicity was higher than for the PEI-MSNs, which could further also be attributed specically to PEI-induced toxicity, as the plain PS particle did not induce considerable toxicity. None of the silica or silica-PEI combinations exhibited any detectable cytotoxicity at 24 h, however at 72 h some slight signs of toxicity could be discerned. Interestingly, the level of toxicity detected did not correlate with particle concentration, but rather with the PEI/SiO ratio. The viability for the PEI-MSN-Ex was clearly the lowest among the silica-based particles; and for the same sample, the PEI/SiO ratio was also the highest (∼ 15wt%). The viability levels for PEI-MSN-C and PEI-Stöber were comparable; however, the inherent toxicity induced by the Stöber particles alone (without PEI) was higher than that of MSN-C, probably due to the much higher particle concentration used. For the pristine MSNs, there can also be a slight reduction in viability deduced for the MSN-Ex as compared to the MSN-C, despite a higher concentration used for MSN-C. We attribute this e ect to the notion that solvent-extracted MSNs have also previously been found to be more toxic than their calcined counterparts, due to residual surfactant residing in MSNs when only subject to solvent extraction [63] . In the case of surface-grafted PEI, the results were comparable to that of the corresponding sample with electrostatically adsorbed PEI. Interestingly, the PEI/SiO ratios were also similar for these samples, further stressing the idea that it is the PEI/SiO ratio that is decisive rather than PEI amount. In this case, we do not see a molecular weight-induced effect, assuming that the grafted individual PEI functions are smaller than the commercial 25 kDa one. In conclusion, the di erence between (soluble/degradable) silica and (insoluble/inert) PS seems distinguishable. Based on this experiment alone we cannot attribute the di erence between SiO and PS to dissolution/degradation behavior only; but we can infer that the well-known toxicity of PEI can, in fact, be circumvented/repressed when used as part of a composite material, especially together with silica.
Conclusions
In this study, we have highlighted some important aspects to be considered in the design of MSNs for biomedical applications with the aid of illustrative demonstrations. For the particles to be traceable in a biological/physiological environment, MSNs are typically tagged with uorescent dyes. On one hand, when attempting to quantify particle uptake/biodistribution based on dye-labeled MSNs it should be kept in mind that the inherent properties of the dye itself, surrounding conditions, surface coating, and silica dissolution consequently leading to leaching of attached labels may have a tremendous impact on the quanti cation. On the other hand, the incorporation of the dye into the MSN matrix and further coating of the MSNs may even have bene ciary in uences on the dye in terms of photostability enhancement, providing a protective environment and elimination of pH-induced e ects. In the present case, we also took advantage of the pH-sensitivity of the common dye uorescein to probe the local pH inside the pores of surface-functionalized MSNs. Surface functionalization, in turn, had a distinct impact on the magnitude of cellular uptake and degree of serum protein adsorption, whereas the route of uptake or toxicity did not seem to be a ected by the nature or charge of the surface coating of our MSNs. Special consideration was devoted to PEI coatings, both in adsorbed and surface hyperbranched form, as it provides an especially useful platform for further functionalization due to its high abundance of reactive terminal amine groups. The characteristic properties of PEI were in uential on the MSNs also, in that it could function as a "proton trap" keeping the local pH acidic due to its high bu ering capacity. Derivatization of PEI with carboxylic acid groups lead to a zwitterionic surface coating with superior 'stealth' properties as compared to PEGylation in our case. The PEG-PEI combination, nevertheless, provided the highest cellular uptake and homogeneous intracellular distribution, comparable to that of the PEI coating alone. Given the versatility of the PEI coating, regardless of the coating procedure (surface grafting/electrostatic adsorption), we nally determined that the well-known cytotoxicity of large-molecular weight PEI could be mitigated when used as a component in a hybrid material together with silica, even at very high particle concentrations (up to 100x of that used in our cellular studies). The general trends presented here in an MSN context should thus be especially useful in judging the feasibility of di erent MSN designs for biomedical applicability. Fig. S1 . Standard curves for a) FITC and b) TRITC fluorophores in 1mg/mL dissolved MSNs in 2M NaOH media. Supplementary   Fig. S2 . pH-dependency of FITC-labelled MSNs used to probe the local pH experienced by fluorescein-molecules conjugated to their PEIfunctionalized counterparts. 
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